We analyse the impact of matrix-element corrections to top decays in HERWIG on several observables related to the jet activity in tt events at the Tevatron and at the LHC. In particular, we study the effects induced by the higher-order corrections to top decays on the top mass reconstruction using the recently proposed J/ψ + ℓ final states.
Introduction
Top-quark and in general heavy-flavour production physics (see, for a review, [1] ) is currently one of the main fields of investigation in both experimental and theoretical particle physics. At the next Run II of the Tevatron accelerator and, in the future, at the LHC [2] and at e + e − Linear Colliders [3] , the production of a large amount of tt pairs will allow accurate studies of the top quark properties and an improved measurement of its mass.
The measurement of these properties will rely by-and-large on the accuracy of the theoretical modeling of the exclusive properties of the final states, for example jet distributions. Use of inclusive parton-level calculations, although resulting in the exact inclusion of the next-to-leading-order (NLO) contributions [4] , is not sufficient to fully describe the effects associated with the large logarithms corresponding to soft or collinear parton emission. Calculations based on the fragmentation function formalism [5] , where collinear logarithms can be resummed up to the NLO, are on the other hand too inclusive to allow a complete study of the final states. Monte Carlo event generators [6, 7, 8] are the best possible tool to perform the resummation of these enhanced logarithms, to simulate multiple radiation in high energy processes, and to provide a description of the hadronization transition leading to the final observable particles.
Inclusion of these higher-order corrections by the QCD event generators is done however in the soft/collinear approximation. Furthermore, the Monte Carlo evolution suppresses entirely emission of radiation inside some regions of the physical phase space ('dead zones') corresponding to hard and large-angle parton radiation. These regions are unfortunately sometimes crucial from the experimental point of view. Emission inside these dead zones can be performed using the exact amplitudes by following the method discussed in [9] . This method has been applied in the past to jet production in e + e − annihilation [10] , in deep inelastic scattering [11] and, more recently, to the description of top decays [12] and of Drell-Yan processes [13] . Alternative approaches have also been proposed in the literature, see e.g. ref. [14] .
In [12] a marked impact of matrix-element corrections to top decays was found for e + e − interactions slightly above the threshold for tt production. In this paper we wish to perform a similar analysis for top production and decay at hadron colliders and investigate the effect of the implemented hard and large-angle gluon radiation on jet observables and on the top mass reconstruction. As far as the top mass is concerned, we shall consider final states with leptons and J/ψ since the LHC experimentalists claim it is a favourite channel, with a systematic error no larger than 1 GeV [15] , and we shall give more details on the analysis and the preliminary results presented in [16] .
In Section 2 we briefly review the method applied in [12] to implement matrixelement corrections to the HERWIG description of top decays. In Section 3 we shall study phenomenologically-relevant jet observables at the Tevatron and at the LHC and investigate the impact of the improved treatment of top decays. In Section 4 we shall discuss the method of reconstructing the top mass by using final states with leptons and J/ψ and the effect of matrixelement corrections on the top mass measurement. In Section 6 we shall make some concluding remarks and comments on possible further improvements of the study here presented.
Matrix-element corrections to simulations of top decays
In the HERWIG Monte Carlo event generator, the top quark decay t → bW is performed in the top rest frame, as discussed in [17] . The top quark cannot emit soft gluons in its decay stage as it is at rest, while the b quark is allowed to radiate in the cone 0 < θ g < π/2, θ g being the soft-gluon emission angle relative to the direction of the b quark. The subsequent parton shower is performed following the prescription of the angular ordering [18] . The W hemisphere, corresponding to π/2 < θ g < π, is completely empty and the soft phase space is not therefore entirely filled by the HERWIG algorithm. In [17] the authors showed that neglecting the 'backward' gluon radiation correctly predicts the total energy loss, however problems are to be expected when dealing with angular distributions.
In [12] matrix-element corrections to the HERWIG simulation of top decays have been implemented: the missing phase space is populated according to a distribution obtained from the calculation of the exact first-order matrix element (hard correction), the shower in the already-populated region is corrected by using the exact amplitude any time a hardest-so-far emission is encountered in the evolution (soft correction).
Since the HERWIG dead zone includes part of the soft singularity, matrix-element corrections to top decays are not a straightforward extension of the method applied in [10, 11, 13] . The soft singularity has been avoided by setting a cutoff on the energy of the gluons which are radiated in the backward hemisphere by the b quark. As shown in [12] , and discussed later on in this paper, the sensitivity to this cutoff is however very small.
In [12] e + e − interactions at a centre-of-mass energy √ s = 360 GeV, slightly above the threshold for tt production, were considered. This is an ideal phenomenological environment to test the impact of the implemented corrections, with most of the radiation being associated to the top-decay stage. Three-jet events were analysed and a remarkable impact of matrixelement corrections was found when comparing different versions of HERWIG 1 . The results of HERWIG 6.1 [19] , the new version which includes also the improved treatment of top decays, were also compared to the ones obtained by the exact O(α S ) matrix-element calculation of the process e + e − → tt → (bW + )(bW − )(g) [20] . While the authors of [20] had found serious discrepancies when comparing the exact O(α s ) results with the ones of HERWIG before matrixelement corrections, good agreement was found in [12] after matrix-element corrections in the region of large energies and angles, where fixed-order calculations are reliable. In [12] it was also shown that, although the fraction of events generated in the dead zone varies from about 2% to 4% when the cutoff changes from 5 GeV to 1 GeV, the dependence of phenomenological distributions on its chosen value is pretty negligible after one applies typical experimental cuts on the jet transverse energy E T > 10 GeV and on the invariant opening angle between jets ∆R > 0.7. The value E min = 2 GeV was then chosen as the default value and this value will be kept throughout this paper as well. In the following sections, we shall consider hadronic production of tt pairs and analyse the effect of matrix-element corrections to top decays on jet observables and on the top mass reconstruction at the Tevatron and at the LHC.
Jet activity in dilepton tt events
We start our analysis by considering inclusive jet observables. To emphasize the effect of the matrix element corrections to top decays, we confine ourselves to the case of leptonic decays of both W 's in each event. The most likely hard and well-separated jets are then those from the b and theb. Extra radiation from either the initial state (ISR) or the top decay may give rise to extra jets (final state radiation from the produced tt pair tends to be small because of the large top mass). Interesting observables which may show the effects of the new HERWIG treatment of top decays are related to these extra jets, and in particular to the one with the largest value of E T , the 'third jet'.
We cluster jets according to the inclusive version of the k T algorithm [21] , setting a radius parameter R = 0.5 at the Tevatron and R = 1 at the LHC 2 . We set a cutoff on the transverse energy of the resolved jets E T > 10 GeV, and we study the following inclusive distributions: transverse energy E T and rapidity η 3 of the third jet, the minimum invariant opening angle ∆R = ∆φ 2 + ∆η 2 among the three hardest jets, the threshold variable d 3 of the k T algorithm, according to which all events are forced to be three-jet-like. Finally, we consider the number of jets n jets that pass the 10 GeV cut in transverse energy.
We start by comparing the Monte Carlo jet distributions before and after matrix-element corrections. To make the comparison more realistic, we normalize the plots to the expected integrated luminosities (2 fb −1 at √ s = 2 TeV for the Tevatron Run II, and 10 fb −1 for 1 year of LHC low-luminosity running 3 ), and smear the contents of a given bin with N events according to a Gaussian distribution with average N and standard deviation √ N . Furthermore, to partially account for detector effects we smear the value of the reconstructed observables with a 10% resolution. The final jet distributions are plotted in Figs. 1-5. 4 All observables show very small changes due to the matrix-element corrections. To quantify the residual differences, we performed a Kolmogorov-Smirnov test on the distributions, and evaluated the number of events necessary to establish the difference between the 6.0 and 6.1 distributions at 95% CL. The results of this test are shown in table 1. We see that at both machines a number of events of the order of ≈ 10 3 − 10 4 is sufficient to see a difference in the shape of the two histograms. We therefore conclude that the effects of matrix-element corrections to top decays are in principle detectable at the LHC, where about 8 × 10 4 events per year are expected in the dilepton channel, while the foreseen statistics are too low at the Tevatron.
We conclude this Section by pointing out that the small differences detected in the case of inclusive third-jet observables are largely a consequence of the small fraction of events for which the matrix-element corrections are applied. We evaluated in fact that for the Tevatron energy only approximately 7% of events that contain a third jet required the evaluation of the matrix-element corrections to the top decays (the number is 6% for the LHC). We expect observable Tevatron LHC E T 1000 1100 log(d 3 ) 3000 2700 ∆R 1100 4500 η 3 5300 2500 Table 1 : Number of tt events for which, according to the Kolmogorov test, the jet distributions using HERWIG 6.0 and 6.1 are different at the 95% confidence level.
that larger effects and differences will appear once the matrix-element corrections to the tt production process is included. This work is under way, along similar lines to vector boson production [13] .
Top mass reconstruction
One observable for which the higher-order corrections described in this paper may induce relevant changes is the invariant mass distribution of J/ψ + ℓ pairs from t → bW decays, with the J/ψ coming from the decay of a b hadron, and the isolated lepton from the decay of the W . This distribution was recently suggested [15] as a potential way of measuring the top mass during the high-luminosity phase of the LHC with experimental accuracies better than 1 GeV. The dominant source of experimental uncertainty is the statistical one, due to the strong suppression from the small branching ratios 5 . The shape of the m J/ψ+ℓ distribution can be compared with a template of shapes parametrised by the top mass, and the value of m t can therefore be fitted. The Lorentz invariance of the observable makes it completely independent of the details of the tt production mechanism, and of the structure of the ISR.
Given that the spectrum of the leptons from the W decay is known very well, the dominant theoretical uncertainty comes therefore from the predictions for the spectrum of the J/ψ. This is obtained from the convolution of the energy spectrum of b hadrons in the top decay, with the spectrum of J/ψ's in the b-hadron decay. In principle this second element can be measured with high accuracy over the next few years at the B-factories 6 . We shall therefore concentrate here on the problem of the b-hadron spectrum in top decays, and investigate how the top mass measurement is affected by the matrix-element corrections to top decays in HERWIG. For simplicity, we shall analyse the m Bℓ spectra (instead of the m J/ψ+ℓ ones) obtained by running HERWIG with and without matrix-element corrections to top decays.
The Tevatron statistics will be too low to use this channel as a probe of the top mass. Nevertheless we shall present results for the Tevatron as well, to show that indeed the details of the production mechanism (which is mainly→ tt at the Tevatron and gg → tt at the LHC) have no impact on the top mass determination. Since inannihilation the tt pair is always produced in a colour octet state, while in gg fusion it may come either in a colour singlet or colour octet state, this comparison will indicate that non-perturbative corrections to the m Bℓ mass spectrum are very weakly dependent on the details of the colour-neutralization model in the MC.
We generate tt samples using HERWIG 6.0 and 6.1 and plot the m Bℓ spectra for different values of m t . We then evaluate the average value and the standard deviation of our distributions, the differences in the average values m Bℓ and the corresponding statistical errors. In Fig. 6 the m Bℓ spectra are plotted for m t = 175 GeV, at the Tevatron and at the LHC, before and after matrix-element corrections, while in Fig. 7 one can find the distributions at the LHC, according to HERWIG 6.1, for m t = 171 GeV and m t = 179 GeV. In tables 2 and 3 we summarize the results of our statistical analysis. We observe a systematic shift of about 800 − 900 MeV towards lower values of m Bℓ after matrix-element corrections to top decays. 5 Ref. [15] estimates a sample of approximately 10 3 events in one year of high luminosity running at the LHC, L = 10 5 pb −1 , for a production cross section σ LHC (tt) = 833 pb and a total branching fraction B = 5.3 × 10 −5 , using the current expectations for tracking and reconstruction efficiencies. 6 Although small corrections are expected to be needed for this application, due to the different composition of b-hadrons in top decays relative to that in the decays of the Υ(4S). Furthermore, the results at the Tevatron are the same as the ones at the LHC, to within 150 MeV. Using the Kolmogorov-Smirnov test, we find that about N eff ≃ 6000 reconstructed final states are sufficient to verify that the shapes of the 6.1 and the 6.0 distributions are different at the confidence level of 95%; one year of high-luminosity run would nevertheless allow one to distinguish the two distributions at 70% confidence level.
We studied the dependence of our results on the chosen infrared cutoff for the energy of the gluons emitted in the dead zone, which was discussed in Section 2. We find a negligible variation: at the LHC, and for m t = 175 GeV, we find m Bℓ = 93.78, 93.54 and 93.47 GeV for E cutoff = 1, 2 and 5 GeV, respectively. The distributions in Fig. 8 , obtained for m t = 175 GeV and different values of E cutoff , are essentially identical.
If we set a cut m Bℓ > 50 GeV on the invariant mass, to reduce the sensitivy to low-mass tails possibly affected by backgrounds, we find the results summarized in tables 4 and 5 for the Tevatron and the LHC respectively. Once we cut off part of the spectrum, it is to be expected that we find higher values for m Bℓ and lower values for the differences m Bℓ , which, as can be seen from the figures, are significantly lower than the difference due to the implementation of matrix-element corrections to top decays. This means that the impact on the top mass is a physical effect and not just the result of statistical fluctuations.
Using these fits, and inverting the relation between m Bℓ and m t , we find that for a given value of m Bℓ consistent with the range 171 < ∼ m t < ∼ 179, the values of m t extracted using the two versions of HERWIG differ by 1.5 GeV, both at the Tevatron and at the LHC. This is a rather large value, competitive with the expected systematic error at the LHC, indicating that such corrections are relevant, and must be applied.
After setting a cut of 50 GeV on the m Bl spectra, we obtain the following fits:
6.0 : m Bℓ = 0.524 m t + 6.765 GeV , ǫ(GeV) = 0.022 (Tevatron) ;
6.1 : m Bℓ = 0.526 m t + 5.974 GeV , ǫ(GeV) = 0.026 (LHC) ;
6.0 : m Bℓ = 0.520 m t + 7.578 GeV , ǫ(GeV) = 0.040 (LHC) .
The differences in the top mass extraction between the 6.0 and 6.1 versions from a given value of m Bℓ are now reduced to 1 GeV, smaller than for the fully inclusive distribution, but still significant relative to the overall accuracy goal of 1 GeV.
To conclude our study, we wish to investigate the dependence of our results on the hadronisation model used by HERWIG. We start by studying the invariant mass distribution of the lepton with the b quark, as opposed to the b-hadron. We do this by considering the HERWIG final state at the end of the perturbative evolution, just before the non-perturbative gluonsplitting phase which precedes the formation of the colour-singlet clusters, and the eventual hadronisation. In Fig. 11 we plot the 6.0 and 6.1 distributions of the invariant mass of the b-lepton system for m t = 175 GeV and the 6.1 ones at hadron-and parton-level. The results at parton level for different values of the top mass can be found in table 6 . We find that, at fixed m t , the average values of the parton-level invariant masses m bℓ are larger than the ones after the hadronisation of the b quark, with differences between the 6.0 and the 6.1 version of the order about 600 − 700 MeV.
After a linear fit, we find the following relations:
6.1 : m bℓ = 0.640 m t − 10.256 GeV , ǫ(GeV) = 0.050 .
6.0 : m bℓ = 0.646 m t − 10.528 GeV , ǫ(GeV) = 0.033 (10) Given the values of the slopes, the shift in the extracted top mass between the two versions is now of about 1.0 GeV, compared to the 1.5 GeV after hadronisation. As a whole, the non-perturbative contribution to the shape of the b-hadron spectra is therefore pretty important, as is already known in the case of Z 0 decays. Confidence in the accurate description of the non-perturbative phase should be gained from the study of the Bfragmentation function in Z 0 decays. Our study of the impact of matrix element corrections at the Tevatron and at the LHC suggests that non-perturbative corrections do not depend significantly on the production mechanism. This we also checked by performing a similar study in the case of e + e − production. We therefore expect that once a tuning of the nonperturbative b fragmentation function in HERWIG is achieved, using for example the latest high-precision SLD results [26] , the results can be extended to the study of the Bℓ mass spectrum in top decays. Given the size of the mass shift induced by hadronisation (of the order of 8 GeV, as found by comparing Table 6 and 3), a control over the fragmentation function at a level better than 5% will have to be achieved in order to maintain this contribution to the theoretical systematics well below O(1 GeV). This should be possible, since the current size of the experimental uncertainty on x B is at the level of ∼ 1% [26] . 
Conclusions
We have studied tt events in the dilepton channel at the Tevatron and at the LHC using the new version of the HERWIG Monte Carlo event generator, which includes matrix-element corrections to the description of top decays. We considered observables involving the third hardest jet in transverse energy, to enhance possible effects of the implemented corrections. We have found that the distributions obtained before and after matrix-element corrections are rather similar. A Kolmogorov test, which compares the shapes of two distributions, allows however to detect differences at the 95%CL with the large statistics available at the LHC. The statistics of the Run II at the Tevatron are however not sufficient.
We have also investigated the reconstruction of the top mass by looking at final states with leptons and a J/ψ. These final states are an excellent candidate for an experimental determination of the top mass with systematic errors in the range of 1 GeV. While the main production mechanisms of top quarks are different at the Tevatron and at the LHC, we found equivalent results in the two cases, indicating that this method of reconstruction of the top mass is not sensitive to the details of the colour-neutralisation model.
We considered the spectra of the invariant mass m Bℓ , where the B meson comes from the hadronisation of the b quark produced in t → bW and ℓ is the charged lepton from the decay W → ℓν, for different values of m t and obtained that the implementation of matrix-element corrections to top decays results in a shift of about 1.5 GeV on the top mass if one is able to reconstruct the whole m Bℓ spectrum and of about 1 GeV after setting the cut m Bℓ > 50 GeV. The shifts we found are physical effects related to the inclusion of hard and large-angle gluon radiation in the Monte Carlo shower, since they are much larger than the statistical errors on them. Analyses at the parton level have shown an impact of a similar magnitude.
It will be now very interesting to compare the new HERWIG results for the invariantmass distributions with the ones obtained after performing a next-to-leading order calculation of the process t → bW g, and convoluting the result with the fragmentation function for the hadronisation of the b quark into a B meson taken from LEP and SLD data. In order to perform such a comparison in detail, the HERWIG cluster model used to simulate the hadronisation process will have to be tuned to fit that data.
Furthermore, although in this paper we have concentrated our analysis on the top mass reconstruction in final states with leptons and J/ψ, it will be worthwhile redoing the Tevatron analysis to determine m t using the HERWIG parton shower model, provided with matrixelement corrections.
We finally recall that, though we feel safely confident that the new version of HERWIG will be a trustworthy event generator for the purpose top decays, top production is still performed in the soft/collinear approximation, with dead zones in the phase space which are needed to be filled. Matrix-element corrections to top production are in progress and may have an impact on jet observables and on the top mass measurement at the Tevatron as well.
